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Abstract
Sialic acids (SAs) linked to galactose (Gal) in a2,3- and a2,6-configurations are the receptors for avian and human influenza
viruses, respectively. We demonstrate that chicken tracheal ciliated cells express a2,3-linked SA, while goblet cells mainly
express a2,6-linked SA. In addition, the plant lectin MAL-II, but not MAA/MAL-I, is bound to the surface of goblet cells,
suggesting that SA2,3-linked oligosaccharides with Galb1–3GalNAc subterminal residues are specifically present on the
goblet cells. Moreover, both a2,3- and a2,6-linked SAs are detected on single tracheal basal cells. At a low multiplicity of
infection (MOI) avian influenza virus H6N1 is exclusively detected in the ciliated cells, suggesting that the ciliated cell is the
major target cell of the H6N1 virus. At a MOI of 1, ciliated, goblet and basal cells are all permissive to the AIV infection. This
result clearly elucidates the receptor distribution for the avian influenza virus among chicken tracheal epithelial cells and
illustrates a primary cell model for evaluating the cell tropisms of respiratory viruses in poultry.
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Introduction
Sialic acids (SAs), consisting of a core of nine-carbon monosac-
charide, are usually linked to the outermost capping position of
glycans that are conjugated to cell-surface glycoproteins or
glycolipids [1]. Sialyltransferase adds SA to the terminal sugar
residues, such as galactose (Gal), N-acetylglucosamine (GlcNAc) or
N-acetylgalactosamine (GalNAc) [1]. The conjugation between Gal
and SA can be either in the form of an a2,3 or an a2,6 glycosidic
linkage. In mammals, N-acetylneuraminic acid (Neu5Ac) and N-
glycolylneuraminic acid (Neu5Gc) are the two most common types
of SA, but Neu5Ac is the major type of SA in birds [2].
Plant lectins extracted from Maackia amurensis (M. amurensis
leukoagglutinin, MAL) and Sambucus nigra (S. nigra agglutinin, SNA)
are usually applied for the detection of Neu5Aca2–3Gal (SAa2–
3Gal) and SAa2–6Gal glycans in tissues, respectively [3]. Two
types of M. amurensis lectins were discovered: one that can
agglutinate erythrocytes (hemagglutinin) (MAH, also known as
MAL-II) and one that can agglutinate leukocytes (MAL, also
known as MAM, MAA, MAL-I). Although both MAL-I and
MAL-II recognize the SAa2–3Gal glycan, previous studies [4] and
recent glycan microarray data [5] demonstrated that subterminal
sugars affect their binding affinity to these two lectins. For
example, MAL-I, rather than MAL-II, showed the highest affinity
to the SAa2–3Galb1–4GalNAc and did not bind to this
oligosaccharide when the subterminal b1,4-linkage was replaced
by a b1,3-linkage [6].
Cell entry by influenza virus depends on the recognition of a
terminal SA-capped glycosylated molecules by the viral hemag-
glutinin (HA) protein [3]. Generally, human influenza viruses
preferentially bind to cell surface oligosaccharides that have the
SAa2–6Gal linkage, while avian influenza viruses (AIVs) prefer
SAa2–3Gal [3]. Especially, the glycans containing the SAa2–
3Galb1–4GalNAc or SAa2–3Galb1–4(6OSO3)GalNAc, show a
high affinity to MAA/MAL-I [4] and AIVs [7,8]. Tracheal/
bronchial epithelium, mainly consisting of ciliated cells, goblet cells
and basal cells, is the initially attacked tissue by the invading
influenza viruses. The infected chicken trachea shows necrosis and
detachment of ciliated cells, suggesting that ciliated cell is one of
the cells targeted by AIV [9]. Previous analyses of the expression of
SAs in chicken have revealed that a2,3-linked SA was localized on
tracheal ciliated cells and a2,6-linked SAs was also present in the
tracheal tissues [10,11,12]. However, the detailed distribution of
SAs among chicken tracheal epithelial (CTE) cells remains
unclear. Clarification of the distribution and the expression
intensity of influenza receptor on CTE cells will help us to
understand the viral tropism, viral spreading and the pathogenesis
of avian influenza viruses. Here, the SA distribution on CTE cells
were identified by the staining of biotin-labeled plant lectins. A
Taiwan-isolated AIV H6N1 was applied to characterize the cell
tropism of AIV and the correlation of the cell tropism of AIV to
the SA distribution on CTE cells was also explored.
Results
The SAa2–3Gal expression of primary CTE cells
The distribution of SAa2–3Gal expression on the primary CTE
cells was determined by the staining with a plant lectin, MAA (EY
PLoS ONE | www.plosone.org 1 May 2011 | Volume 6 | Issue 5 | e18894Laboratories). The ciliated cells were revealed by the intense
fluorescent microvilli, labeled by the b-tubulin specific antibody
[13]. Mucin 5AC glycoprotein and cytokeratin-14 (K14) were the
specific markers for the goblet and basal cells, respectively [14,15].
Immunocytochemistry (ICC) staining illustrated that most b-
tubulin
+ cells expressed SAa2–3Gal terminal glycan (ratio of
MAA
+/b-tubulin
+ cells, 0.8760.06, n=317) (Fig. 1A). In a high
magnification field, the intense spots of MAA signal were
surrounded by cilia bundles on the ciliated cells (Fig. 1B). In
addition, MAA lectin could also be detected on the primary K14
+
basal cells (ratio of MAA
+/K14
+ cells, 0.4660.12, n=267)
(Fig. 1G).
Interestingly, the MAA signals did not colocalized with the
mucin-expressing cells (ratio of MAA
+/mucin
+ cells, 0.00760.01,
n=223) (Fig. 1D), indicating that goblet cells may not express the
SAa2–3Gal glycans which show high affinity to the MAA lectin.
However, for the immunohistochemistry in tissue sections, the
distribution of SAa2–3Gal expression may show inconsistent
distribution when different MAA/MALs were applied or the same
lectins were from different providers [16,17]. To further address
the SA expression on goblet cells, MAL-I, same as MAA, was
given by Vector Laboratories and applied to stain the CTE cells.
We found that abundant MAL-I was detected on the b-tubulin
+
cells (ratio of MAL-1
+/b-tubulin
+ cells, 0.8260.10, n=301) (Fig.
S1), rather than the mucin
+ cells (ratio of MAL-1
+/mucin
+ cells,
0.0260.02, n=201) (Fig. 1E), similar to the result for MAA.
Subtypes of SAa2–3Gal glycans with different subterminal
sugars present varied affinity to MAA/MAL-I and MAL-II.
Whether the SAa2–3Gal glycan is not expressed on goblet cells
was further evaluated by MAL-II (Vector Laboratories). Surpris-
ingly, 0.3760.12 mucin
+ cells (n=594) were double-stained with
MAL-II (Fig. 1F), indicating that a glycan subtype that shows a
high affinity for MAL-II only, was expressed on the goblet cells.
We also found that only 0.3360.09 b-tubulin
+ cells (n=230) can
be labeled with MAL-II (Fig. 1C). In addition, about half basal
cells were MAL-II positive (0.5360.12, n=265) (Fig. 1H).
The SAa2–6Gal expression of primary CTE cells
The distribution of SAa2–6Gal on the CTE cells was
determined by staining with SNA (Vector Laboratories). In
contrast to the finding for MAA/MAL-I, abundant SNA signals
were mainly restricted to the mucin
+ cells (ratio of SNA
+/mucin
+
cells, 0.8560.09, n=368) (Fig. 2A), indicating that the goblet cells
expressed SAa2-6Gal terminal glycan. In addition, SNA lectin can
also be detected in a one-third proportion of K14
+ cells (ratio of
SNA
+/K14
+ cells, 0.3660.09, n=284) (Fig. 2B).
Especially, the SNA signal did not localize on the b-tubulin
+
cells (ratio of MAA
+/b-tubulin
+ cells, 0.0160.01, n=237)
(Fig. 2C). Testing the SNA-I, which was provided by EY
Laboratories, showed no difference to the result of SNA,
evidenced by the undetectable binding by SNA-I on the ciliated
cells (Fig. 2D).
The SAa2–3Gal and SAa2–6Gal expression on basal cells
Although both MAA and SNA bound to the surfaces of a
subpopulation of the K14
+ cells (Fig. 1G and Fig. 2B), their
detected signals were relatively weak (Figs. S2A and S2B). To
determine whether a single basal cells can express both SAa2–
3Gal and SAa2–6Gal, CTE cells were triple-stained with K14
primary antibody (Cy5-2u Ab, purple), FITC-conjugated MAA
(green) and biotin-labeled SNA (detected by Cy3-Streptovidin,
red) (Figs. 3A, 3B and 3C). Their cell nuclei were revealed by
DAPI staining (blue). When viewed in the same field under a
confocal microscope, the ICC result indicated that MAA and
SNA can be co-expressed on single K14
+ cells (indicated by the
arrows).
The distribution and relative expression levels of SAa2–3Gal
and SAa2–6Gal are summarized in Table 1. It should be noted
that because the relative affinities of the lectins to their targeted
glycans may differ, comparing the intensity of staining between the
MAA and SNA cannot be used as a quantitative comparison of the
relative SAa2–3Gal and SAa2–6Gal expressions.
Figure 1. The SAa2–3Gal expression of primary CTE cells. The ciliated cells, goblet cells and basal cells were revealed by their specific markers:
the b-tubulin (A–C), mucin (D–F) and K14 (G, H), respectively. The cellular distribution of SAa2–3Gal was characterized by the double-staining of
biotin-labeled MAA (EY Laboratories, 1:500) (A, B, D, G), MAL-1 (E) or MAL-II (both from Vector laboratories, 1:500) (C, F, H). Scale bar, 50 mm.
doi:10.1371/journal.pone.0018894.g001
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This study used a Taiwan AIV H6N1 strain, 2838V (virulent),
to determine the cell tropism of AIV. The CTE cells were infected
with 2838V at a multiplicity of infection (MOI) of 1for 1 h in the
DMEM medium and then the cells were cultured in the CTE
culture medium at 37uC. At 6 h post-infection (h.p.i.), most of the
infected cells were labeled with the MAA
+ (0.8760.02, n=395)
(Fig. 4A), but not with the SNA
+ (0.1060.07, n=465) (Fig. 4B),
indicating the preference of AIV H6N1 for the SAa2–3Gal
receptor (Fig. 4C).
In addition, the H6N1 viral antigens detected in the infected
cells at a MOI of 0.1 were mostly restricted to the b-tubulin
+ cells
at 6 h.p.i. (Fig. 5A). Few H6N1 antigens were detected in the
goblet cells or basal cells, possibly due to the low expression of AIV
Figure 2. The SAa2–6Gal expression of primary CTE cells. The mucin (A), K14 (B) and b-tubulin (C and D) were the markers for goblet cells,
basal cells and ciliated cells, respectively. The cellular distribution of SAa2–6Gal was shown by the double-staining of biotin-labeled SNA (Vector
Laboratories, 1:500) (A–C) and SNA-1 (EY laboratories, 1:500) (D). Scale bar, 50 mm.
doi:10.1371/journal.pone.0018894.g002
Figure 3. The SAa2–3Gal and SAa2–6Gal expression on basal cells. The tracheal basal cell was identified by the expression of K14 (1:100,
Convance) (A). Panels (A, B, C) with two fluorescent tags are shown in juxtaposition, illustrating the triple immunocytostaining result in a same field.
The arrows in A, B and C indicate cells that are triple-positive for K14, MAA and SNA. The cell nuclei were stained with DAPI (blue). Scale bar, 50 mm.
doi:10.1371/journal.pone.0018894.g003
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cell, rather than the goblet or the basal cells, is the primary target
cell for the AIV. In addition, these data also illustrate that the
distribution of SAa2-3Gal expression among cells determines the
cell tropism of the AIV H6N1 virus (as summarized in Fig. 6 and
Table 1).
The infectivity of H6N1 in CTE cells was further characterized
at a MOI of 1. ICC results showed that the ciliated cells (Fig. 5D),
goblet and basal cells were all susceptible to infection by H6N1 as
measured at 6 h.p.i. (Figs. 5E and 5F). Although SAa2–3Gal
expression was relatively low in goblet and basal cells, still
21.360.05% of goblet cells and 51.1610.9% of basal cells were
infected. We speculated that the low infection of goblet cells by
influenza virus at a high MOI might mediate through the binding
to MAL-II specific SA or through a SA-independent pathway
[18]. However, this hypothesis still requires the support from
further experiments.
Discussion
In the human tracheal/bronchial epithelium, ciliated cells
display mainly a2,3- linked SAs and goblet cells express a2,6-
linked SAs [19]. About one third of ciliated cells also display the
a2,6-linked SAs and goblet cells also express the a2,3-linked SAs at
a low degree [19,20]. The distribution of the a2,3- and a2,6-linked
glycans was primarily on the apical surface of both ciliated and
goblet cells, respectively [19,20]. As revealed by specific lectins and
ICC staining in the primary CTE cells, our results clearly illustrate
that all three types of CTE cells express SAa2-3Gal in a varied
degree. SAa2-3Gal showed abundant expression on chicken
ciliated cells but only a detectable level on basal cells (Fig. 6 and
Table 1).
Revealing the distribution and the expression intensity of
influenza virus receptor on the tracheal basal cells will help us to
understand the cell tropism of influenza virus and the pathogenesis
of AIV infected tissues. Our previous study indicated that the
replication of infectious bronchitis virus (IBV) is restricted to
ciliated cells and goblet cells, but not basal cells [21]. The
tracheal/bronchial basal cells, assumed as multipotent stem cells,
are responsible for epithelial recovery and reestablish normal
respiratory function after desquamation of the ciliated and goblet
cells [14,15]. In an uncomplicated IBV-infected chick, clinical
signs persist for only 1 week and the unaffected basal cells may be
responsible for epithelial reconstruction of the injured respiratory
tract [22]. In contrast, basal cells are susceptible to the infection of
avian influenza virus at a MOI of 1. The susceptibility of basal
cells to AIV infection suggests that infection with AIV alone may
cause the cell death of basal cells, and consequently affect basal
membrane integrity and severe inflammation in the AIV infected
trachea.
Interestingly, MAA/MAL-1 did not bind to the surface of
goblet cells, suggesting that certain SAa2–3Gal glycans that show
Table 1. The predominant glycans binding to the lectins and H6N1.
Chicken tracheal epithelial cells High affinity glycans












AIV H6N1 MOI=0.1/1 ++/+++ 2/+ 2/++
The value of percentage indicates the expressing ratio of cells; high or low indicates the expressing intensity in cells.
Symbols: +++, .70%; ++, 30 to 70%; +, 10 to 30%; 2, ,10%.
The glycan data are from Ref. [4] and Functional glycomics Gateway: http://www.functionalglycomics.org/static/index.shtml.
doi:10.1371/journal.pone.0018894.t001
Figure 4. The SA expression on AIV H6N1 infected cells. A total of 5610
4 CTE cells were infected with 0.5 ml of AIV H6N1 2838V (viral stock,
EID50=10
8/ml) at a MOI of 1 for 1 h at 37uC. At 6 h.p.i., the expression of viral H6N1 proteins was detected by chicken serum against the AIV (1:500,
red) (A, B). The ratio of MAA or SNA expression on the infected cells was manually counted from five individual fields (C). Scale bar in panel A, 100 mm;
in panel B, 50 mm.
doi:10.1371/journal.pone.0018894.g004
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4GlcNAcb and SAa2–3Galb1–4(6OSO3)GlcNAcb [4,5], are not
present to a significant extent on the cell membranes of goblet
cells. However, one-third of the goblet cells showed strong MAL-II
staining, suggesting that the MAL-II specific glycans, such as
SAa2–3Galb1–3(SAa2–6)GalNAca and SAa2–3Galb1–3(6OSO3)-
GalNAca are highly expressed on goblet cells [4,5,6,23].
The expression profiles of SAs on CTE cells exhibits
distributions that are distinct from those of human. In chickens,
MAL-I bind to the surface of ciliated cells and basal cells, but not
Figure 5. The tropism of AIV H6N1 for CTE cells. A total of 5610
4 CTE cells were infected with AIV H6N1 2838V at a MOI of 0.1 (A–C) or 1 (D–E)
for 1 h at 37uC. At 6 h.p.i., infection by H6N1 was detected by chicken H6N1 immune-serum (1:500, red). The ciliated cells, goblet cells and basal cells
were revealed by the expression of b-tubulin (A, D), mucin (B, E) and K14 (C, F), respectively. Scale bar, 50 mm.
doi:10.1371/journal.pone.0018894.g005
Figure 6. A speculated diagram of the SA expression and AIV infection in human and chicken tracheal epithelial cells. The structure
of the pseudostratified tracheal epithelial cells (A) and the human (A) and chicken (B) expression profiles of SAa2–3Gal (red dots) and SAa2–6Gal (blue
dots) on the ciliated cells (green), goblet cells (yellow) and basal cells (pink) are illustrated. Infection of chicken tracheal epithelial cells by AIV at a MOI
of 0.1and 1 are illustrated in C and D, respectively.
doi:10.1371/journal.pone.0018894.g006
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glycan. In addition, both SNA and SNA-I failed to label the b-
tubulin
+ cells, indicating that SAa2–6Gal is exclusively expressed
on non-ciliated cells. In humans, by contrast, both ciliated and
goblet cells can be labeled with MAA/MAL-I and SNA [19,20],
indicating that these two epithelial cells have both types of
influenza viral receptors. Moreover, both ciliated and goblet cells
cells are permissive to infection by human influenza viruses
[19,20]. Interestingly, using duck influenza A viruses to infect
human airway epithelial cells, the viral antigen could only be
detected in the ciliated cells, but not in the goblet cells, possibly
due to the low SAa2–3Gal expression on the surface of goblet cells
and a low MOI infection [19,20].
Although the SAa2–6Gal glycans was detected in human
tracheal/bronchial goblet cells [19,20] and was capped on mucin
protein [24], it was also proposed that tracheal mucin in the
airway contains SAa2–3Gal [25] (Fig. 6A). Especially, this secreted
mucin was shown to prevent infection by influenza viruses with a
SAa2–3Gal preference in the airway [26]. This false-receptor
effect may mask the HA of the AIV, disable the viral access to the
goblet cells and also account, at least in part, for the hindrance of
AIV infection to human goblet cell [26]. In chicken trachea, goblet
cells exhibit high affinity for SNA, suggesting that the mucin may
contain SAa2–6Gal glycans. The viral neutralization effect of
mucin in humans may be recapitulated in chickens to aid the
clearance of the invading influenza viruses with a SAa2–6Gal
preference.
In addition to the SA2,6-linkage glycan, SA2,3-linked oligosac-
charides with Galb1–3GalNAc subterminal residues, which show
a MAL-II preference, may be present in the goblet cells (Table 1)
[4,5,6,23]. Notably, although AIVs can bind to the terminal
SAa2–3Gal, duck and chicken influenza viruses exhibit different
affinities for glycans with different subterminal residues [7,8]. For
example, duck influenza viruses prefer Galb1–3GlcNAc or
Galb1–3GalNAc, but chicken influenza viruses prefer Galb1–
4GlcNAc or Galb1–4(6OSO3)GlcNAc [7,8]. Our study suggests
that SAa2,3-capped oligosaccharides following a Galb1,3-linkage
[6] are candidate sugars conjugated to the chicken tracheal mucin
protein. Determining the SA composites of chicken mucin protein
and the neutralizing effect of chicken mucin on duck influenza
viruses will be an interesting task that will provide important
information about the innate defense mechanisms in the chicken
trachea and about the interspecies transmission of influenza
viruses between ducks and chickens.
Both the hindrance of the mucin barrier and the limited
number of proper receptors on the epithelial cells of the host
restrict cross-species infection by influenza viruses [6,20]. Never-
theless, genetic mutations or recombinations in the HA of an
influenza virus can render interspecies transmission by altering the
receptor tropism [27,28,29]. The 226 and 228 residues in the HA
of the influenza H3 and H2 viruses are particular important for
determining the receptor specificity and host range restrictions
[30,31]. The Ser-to-Gly mutation at HA position 228 and the Leu-
to-Gln mutation at HA position 226 shift the receptor preference
from SAa2–6Gal to SAa2–3Gal and enhance the infectivity of
human influenza virus in duck intestinal cells [31].
The HA of the chicken H6N1 virus we applied possesses the
GQRSRI sequence, which corresponds to the 225 to 230 positions
in H3 HA [32]. We showed that most MAA
+ cells, but few SNA
+
cells, were permissive to infection by the H6N1 virus. In addition,
at a low MOI, most H6N1 proteins were detected in the SAa2–
3Gal-rich ciliated cells, and few in the goblet and basal cells. These
results indicate that the chicken H6N1 virus, even with a Ser228
(using H3 HA numbering) in its HA, still possesses a SAa2–3Gal
preference. Similarly, the HA 226 residue, critical to cell tropism
in human H3 and H9N2, has been shown to be an insufficient
binding site for determining the receptor tropism of the human
H1, H2, H5 and the avian H6, H9 and H5N1 viruses
[4,33,34,35]. These results emphasize that receptor tropism is
determined by several critical residues in the HA proteins, but




A Taiwan AIV H6N1 strain, 2838V (virulent), was obtained by
serial inoculation of an original field isolate, H6N1 2838, into
specific pathogen free (SPF) chickens [36]. The virus was further
amplified by passage into the amnion of SPF eggs. Cell debris in
the collected fluid was clarified by centrifuging at 1000 rpm for
10 min and passing through a 0.45 mm filter. The viral titer (50%
of the egg infectious dose, EID50) of 2838V was 1610
8/ml.
Primary culture of CTE cells
Tracheas were obtained from one-day-old SPF chicks (Animal
Health Research Institute, Tansui, Taipei, Taiwan) and rinsed in a
DMEM medium (Invitrogen, Carlsbad, CA, USA) under a sterile
condition. The procedure for removing epithelial sheets from the
tracheas and the detailed culture conditions for the CTE cells have
been described previously [21]. Briefly, tracheas were digested
with dispase I solution (2.5 U/ml dispase I, Roche) for 2 h at
37uC. The detached cell sheets of tracheal epithelium from the
tracheal lumen were harvested and further digested with
collagenase I (1 mg/ml, Roche) for 5 min at 37uC. The disrupted
tracheal epithelial sheets were gently pippeted and homogenized
into small cell clumps. The cell pellets were resuspended in a CTE
medium [21] and were seeded on 2% matrigel-coated 24-well
plates (Corning). The cells were cultured at 37uC with 5% CO2 for
3 days. The animal use protocol in this study had been reviewed
and approved by Institutional Animal Care and Use Committee in
National Chung Hsing University. The approval number is 99-09.
Chemicals
The tested lectins for the SAa2–3Gal capped glycan were MAA
(EY Laboratories, San Mateo, CA, USA), MAL-I (Vector
Laboratories, Burlingame, CA, USA) and MAL-II (Vector
Laboratories). The lectins for the SAa2–6Gal were SNA (Vector
Laboratories) and SNA-I (EY Laboratories). The MAA lectins
were conjugated with biotin or a green fluorescent dye, fluorescein
isothiocyanate (FITC). The signal of the biotin-labeled lectins was
enhanced and visualized by staining with a red-fluorescent Cy3-
conjugated streptavidin (Rockland, Gilbertsville, PA, USA).
Immunocytostaining
The CTE cells were fixed in 4% cold paraformaldehyde and
blocked using the Carbo-free
TM blocking solution (Vector
Laboratories). Immunocytochemistry (ICC) was performed using
the biotin-labeled lectins (MAA, MAL I, MAL II, SNA and SNA I,
1:500) or the FITC-conjugated MAA (1:50, EY Laboratories). The
used primary antibodies were b-tubulin (1:500, Sigma-Aldrich, St.
Louis, MO, USA), mucin 5AC (1:100, Sigma-Aldrich) and
cytokeratin 14 (K14, 1:100, Convance, Princeton, NJ, USA).
The specificity of the anti-AIV 2838 polyclonal antibodies (1:500,
from infected chickens) has been evaluated in our previous report
[37]. Appropriate fluorescence-tagged secondary antibodies (2u
Ab, Jackson ImmunoResearch, West Grove, PA, USA) and Cy3-
conjugated streptavidin (Rockland) were used for visualization.
Infection of Tracheal Epithelial Cells by AIV
PLoS ONE | www.plosone.org 6 May 2011 | Volume 6 | Issue 5 | e18894Blue 49,6-Diamidino-2-phenylindole (DAPI) was used for nuclear
staining. The number of ICC-staining positive cells in a 24-well
plate was manually counted from five individual fields. Images of
the immunostaining were captured using a confocal microscope
(LSM510 Meta, Zeiss). For comparing the expression intensity of
SA among CTE cells, the images were collected with the same
setting and same objective (406) under the confocal microscope.
Supporting Information
Figure S1 The SAa2–3Gal expression of ciliated cells (b-
tubulin
+) was characterized by the double-staining of
biotin-labeled MAL-1 (Vector laboratories, 1:500). Scale
bar, 50 mm.
(EPS)
Figure S2 Expression levels of SAa2–3Gal (labeled by
MAA)(A) and SAa2–6Gal (labeled by SNA)(B) in tracheal
basal cell (K14
+) were shown by immunocytostaining.
The arrows in A and B indicate cells with high-intensity MAA and
SNA staining, respectively. The cell nuclei were stained with DAPI
(blue). Scale bar, 50 mm.
(EPS)
Acknowledgments
We thank Dr. Yi-Ling Lin at the Institute of Biomedical Sciences in
Academia Sinica for critical reading of this manuscript and valuable
comments.
Author Contributions
Conceived and designed the experiments: CIS JWL HLS. Performed the
experiments: CIS SCS HCL HLS. Analyzed the data: CIS CHW SCS
JWL HLS. Contributed reagents/materials/analysis tools: CHW HLS.
Wrote the paper: CIS HLS.
References
1. Buschiazzo A, Alzari PM (2008) Structural insights into sialic acid enzymology.
Curr Opin Chem Biol 12: 565–572.
2. Schauer R, Srinivasan GV, Coddeville B, Zanetta JP, Guerardel Y (2009) Low
incidence of N-glycolylneuraminic acid in birds and reptiles and its absence in
the platypus. Carbohydr Res 344: 1494–1500.
3. Viswanathan K, Chandrasekaran A, Srinivasan A, Raman R, Sasisekharan V,
et al. (2010) Glycans as receptors for influenza pathogenesis. Glycoconj J 27:
561–570.
4. Nicholls JM, Chan RW, Russell RJ, Air GM, Peiris JS (2008) Evolving
complexities of influenza virus and its receptors. Trends Microbiol 16: 149–157.
5. Functional glycomics research website (2005). Available: http://www.
functionalglycomics.org/static/index.shtml. Accessed 2011 Jan 6.
6. Knibbs RN, Goldstein IJ, Ratcliffe RM, Shibuya N (1991) Characterization of
the carbohydrate binding specificity of the leukoagglutinating lectin from
Maackia amurensis. Comparison with other sialic acid-specific lectins. J Biol
Chem 266: 83–88.
7. Gambaryan AS, Tuzikov AB, Bovin NV, Yamnikova SS, Lvov DK, et al. (2003)
Differences between influenza virus receptors on target cells of duck and chicken
and receptor specificity of the 1997 H5N1 chicken and human influenza viruses
from Hong Kong. Avian Dis 47: 1154–1160.
8. Gambaryan AS, Tuzikov AB, Pazynina GV, Webster RG, Matrosovich MN,
et al. (2004) H5N1 chicken influenza viruses display a high binding affinity for
Neu5Acalpha2-3Galbeta1-4(6-HSO3)GlcNAc-containing receptors. Virology
326: 310–316.
9. Mo IP, Brugh M, Fletcher OJ, Rowland GN, Swayne DE (1997) Comparative
pathology of chickens experimentally inoculated with avian influenza viruses of
low and high pathogenicity. Avian Dis 41: 125–136.
10. Gambaryan A, Webster R, Matrosovich M (2002) Differences between influenza
virus receptors on target cells of duck and chicken. Arch Virol 147: 1197–1208.
11. Pillai SP, Lee CW (2010) Species and age related differences in the type and
distribution of influenza virus receptors in different tissues of chickens, ducks and
turkeys. Virol J 7: 5.
12. Wan H, Perez DR (2006) Quail carry sialic acid receptors compatible with
binding of avian and human influenza viruses. Virology 346: 278–286.
13. Rowe RK, Brody SL, Pekosz A (2004) Differentiated cultures of primary
hamster tracheal airway epithelial cells. In Vitro Cell Dev Biol Anim 40:
303–311.
14. Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR (2004) Basal cells are a
multipotent progenitor capable of renewing the bronchial epithelium.
Am J Pathol 164: 577–588.
15. Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR (2004) In vivo
differentiation potential of tracheal basal cells: evidence for multipotent and
unipotent subpopulations. Am J Physiol Lung Cell Mol Physiol 286: L643–649.
16. Brinkman-Van der Linden EC, Sonnenburg JL, Varki A (2002) Effects of sialic
acid substitutions on recognition by Sambucus nigra agglutinin and Maackia
amurensis hemagglutinin. Anal Biochem 303: 98–104.
17. Nicholls JM, Bourne AJ, Chen H, Guan Y, Peiris JS (2007) Sialic acid receptor
detection in the human respiratory tract: evidence for widespread distribution of
potential binding sites for human and avian influenza viruses. Respir Res 8: 73.
18. Glaser L, Conenello G, Paulson J, Palese P (2007) Effective replication of human
influenza viruses in mice lacking a major alpha2,6 sialyltransferase. Virus Res
126: 9–18.
19. Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk HD (2004)
Human and avian influenza viruses target different cell types in cultures of
human airway epithelium. Proc Natl Acad Sci U S A 101: 4620–4624.
20. Thompson CI, Barclay WS, Zambon MC, Pickles RJ (2006) Infection of human
airway epithelium by human and avian strains of influenza a virus. J Virol 80:
8060–8068.
21. Shen CI, Wang CH, Liao JW, Hsu TW, Kuo SM, et al. (2010) The infection of
primary avian tracheal epithelial cells with infectious bronchitis virus. Vet Res
41: 6.
22. Cavanagh D (2007) Coronavirus avian infectious bronchitis virus. Vet Res 38:
281–297.
23. Konami Y, Yamamoto K, Osawa T, Irimura T (1994) Strong affinity of
Maackia amurensis hemagglutinin (MAH) for sialic acid-containing Ser/Thr-
linked carbohydrate chains of N-terminal octapeptides from human glycophorin
A. FEBS Lett 342: 334–338.
24. Kesimer M, Scull M, Brighton B, DeMaria G, Burns K, et al. (2009)
Characterization of exosome-like vesicles released from human tracheobronchial
ciliated epithelium: a possible role in innate defense. FASEB J 23: 1858–1868.
25. Lamblin G, Boersma A, Klein A, Roussel P, van Halbeek H, et al. (1984)
Primary structure determination of five sialylated oligosaccharides derived from
bronchial mucus glycoproteins of patients suffering from cystic fibrosis. The
occurrence of the NeuAc alpha(2–3)Gal beta(1–4)[Fuc alpha(1–3)] GlcNAc
beta(1–.) structural element revealed by 500-MHz 1H NMR spectroscopy. J Biol
Chem 259: 9051–9058.
26. Couceiro JN, Paulson JC, Baum LG (1993) Influenza virus strains selectively
recognize sialyloligosaccharides on human respiratory epithelium; the role of the
host cell in selection of hemagglutinin receptor specificity. Virus Res 29:
155–165.
27. Rogers GN, Paulson JC, Daniels RS, Skehel JJ, Wilson IA, et al. (1983) Single
amino acid substitutions in influenza haemagglutinin change receptor binding
specificity. Nature 304: 76–78.
28. Naeve CW, Hinshaw VS, Webster RG (1984) Mutations in the hemagglutinin
receptor-binding site can change the biological properties of an influenza virus.
J Virol 51: 567–569.
29. Suzuki Y, Kato H, Naeve CW, Webster RG (1989) Single-amino-acid sub-
stitution in an antigenic site of influenza virus hemagglutinin can alter the
specificity of binding to cell membrane-associated gangliosides. J Virol 63:
4298–4302.
30. Connor RJ, Kawaoka Y, Webster RG, Paulson JC (1994) Receptor specificity in
human, avian, and equine H2 and H3 influenza virus isolates. Virology 205:
17–23.
31. Vines A, Wells K, Matrosovich M, Castrucci MR, Ito T, et al. (1998) The role of
influenza A virus hemagglutinin residues 226 and 228 in receptor specificity and
host range restriction. J Virol 72: 7626–7631.
32. Hsu CN, Wang CH (2006) Sequence comparison between two quasi strains of
H6N1 with different pathogenicity from a single parental isolate. J Microbiol
Immunol Infect 39: 292–296.
33. Claas EC, Osterhaus AD, van Beek R, De Jong JC, Rimmelzwaan GF, et al.
(1998) Human influenza A H5N1 virus related to a highly pathogenic avian
influenza virus. Lancet 351: 472–477.
34. Matrosovich M, Zhou N, Kawaoka Y, Webster R (1999) The surface
glycoproteins of H5 influenza viruses isolated from humans, chickens, and wild
aquatic birds have distinguishable properties. J Virol 73: 1146–1155.
35. Nobusawa E, Aoyama T, Kato H, Suzuki Y, Tateno Y, et al. (1991) Comparison
of complete amino acid sequences and receptor-binding properties among 13
serotypes of hemagglutinins of influenza A viruses. Virology 182: 475–485.
36. Wang CW, Wang CH (2003) Experimental selection of virus derivatives with
variations in virulence from a single low-pathogenicity H6N1 avian influenza
virus field isolate. Avian Dis 47: 1416–1422.
37. Chen YT, Juang RH, He JL, Chu WY, Wang CH (2010) Detection of H6
influenza antibody by blocking enzyme-linked immunosorbent assay. Vet
Microbiol 142: 205–210.
Infection of Tracheal Epithelial Cells by AIV
PLoS ONE | www.plosone.org 7 May 2011 | Volume 6 | Issue 5 | e18894